Highly purified intact chloroplasts were isolated from spinach (Spinacis oleracea L.) leaves by free flow electrophoresis. Morphological and biochemical studies showed that the fraction enriched in intact chloroplasts has a higher protein to chlorophyll ratio and a higher linolenic acid content than the broken organelles of the other fraction. The Free flow electrophoresis, a technique which separates biological structures according to their surface charges, has been used successfully to separate lysosomes and mitochondria (26), mitochondrial membranes (10), and other subcellular fractions (8, 9). It was tempting to apply this technique to chloroplasts for which preliminary assays had been done (14, 15) . This paper reports the properties of two chloroplast classes (intact and broken) separated by free flow electrophoresis.
MATERIALS AND METHODS
Isolation of Plastidial Fractions. Several batches of spinach were purchased at a local market. Fresh dark green leaves were illuminated for I or 2 hr in the cold chamber before use, with 300-w lamps and frequently wetted with cold distilled H20. These leaves (50-100 g, fresh wt) were homogenized in 50 to 200 ml of a medium containing: 400 mm sucrose; 6 mm Tris-citrate (pH 7.3); with or without 4 mm cysteine chloride; 0.1% BSA for 5 sec in a Waring Blendor at maximum speed. After centrifugation at 600g for I min (without braking), the pellet was discarded and the supernatant was centrifuged at 2,000g for I min (with braking). The pellet obtained was carefully resuspended in 2 to 5 ml of medium and directly injected into the free flow electrophoresis apparatus.
Free flow Electrophoresis. The electrophoresis was performed with a FF5 apparatus (Bender and Hobein, Munich, Germany) with 6 mm Tris-citrate and 400 mm sucrose (pH 7.3) as a chamber buffer and 25 mM Tris-citrate (pH 7.3) as an electrode buffer. During the electrophoretic run, the electric field was 100 v/cm and the temperature was fixed at 5 C. The chamber buffer (530 ml/hr) was collected in 90 tubes. The flow rate of the injection of plastid fractions was 4 ml/hr.
Protein and Lipid Analysis. The protein and phospholipid contents of the fractions were, respectively, determined according to Lowry et al. (20) and Shibuya et al. (25) chamber, the flow rate of the buffer, and the surface charges of the chloroplasts. Nevertheless under the experimental conditions described, the two major peaks of plastids were separated at least by 10 tubes (this was observed in more than 20 chloroplast separations).
If the fractions of the peak I or II were reelectrophoresed in the FF5 under the same experimental conditions, they were collected in the same tubes as in the first run. If the proportion of peak II increased, some aggregation occurred at the injection point after various times of injection. Neither EDTA nor EGTA1 (1-5 mM) introduced in the isolation medium or in the chamber buffer suppressed this phenomenon. Some assays designed to avoid this aggregation led us to conclude that the proportion of broken plastids reduced the separation and that too high a proportion of broken organelles at the injection may provoke an aggregation of the injected particles. The assays showed that a concentration of 10 mg of protein/ml was suitable to produce enough material without high aggregation. When the concentration of organelles was high, minor peaks were detected between the two major ones; they may reveal either particles not detected at low concentrations or more probably small stacks of organelles having different density to charge ratios.
As examined by phase contrast microscopy, the two major peaks appeared to be very rich in chloroplasts, which were class 1 (7) in peak I and class II in peak 11 (7) . The purity of peak II was close to 100%o, while only a few class II chloroplasts were found in peak I; some chloroplasts may have been broken during the microscopic examination. This observation suggested that peak I contained only intact chloroplasts with a well retained envelope; this property gave them a higher electronegative charge which allowed their separation from broken plastids. Electron microscopy confirmed this conclusion (Fig. 2) . The chloroplasts of the peak I seemed intact, with a well preserved ultrastructure; neither mitochondrial nor other membrane contamination were observed.
Biochemical Characteristics. The fractions of peak I (intact plastids) were characterized by their high protein to Chl ratio (Table I) . Various ratios (from 1 I to 18.1 ,ug of protein/,ug of Chl) have been obtained on different batches of spinach. These values were in good agreement with the data from various authors (18) (Guillot-Salomon, personal communication) and the mean measure was close to those given by Joyard and Douce (11, 12) for intact plastids, isolated by sucrose gradients from spinach grown in the field and freshly harvested. The observed variations were related to the storage conditions of the leaves before their use in the laboratory. The protein to Chl ratio was lower (about half) in the broken chloroplasts (peak II) than in the intact chloroplasts. This result was close to those obtained for thylakoids by several authors (11, 18 The Chl a/b ratios indicated an enrichment in PSI in peak I and a relative deficiency in Chl a in peak II.
The SDS-polyacrylamide gel electrophoresis illustrated the richness in proteins of the peak I chloroplasts (Figs. 3 and 4) . The proteins from the organelles of this peak show a pattern characterized by two intensively stained bands which may be attributed to the two subunits of ribulose-1,5-diP carboxylase (5, 6, 13) . This stroma-protein was well retained in the chloroplasts of the peak I. In contrast, the organelles of peak II were poor in these two subunits and the electrophoretic pattem of this peak was similar to that of lamellar proteins (21, 22, 27, 28) .
The lipid content of peak I/mg of Chl was higher than that of peak II (Table I) . The polar lipid level in these intact chloroplasts was in good agreement with the data given by Allen et al. (1), Sastry (24) , and Joyard and Douce (11) . No traces of phosphatidylethanolamine-a marker for contamination by other membranes-were detected.
In a typical experiment presented in Table II , the percentages of each lipid class were identical to those found by Joyard and Douce (11) . The polar lipid to protein ratio was close to that found by these authors.
The fatty acid composition of the total lipids associated with peak I was typical of photosynthetic materials (Table III) (1, 2) . The percentages of individual fatty acids in each lipid class were close to those found by Allen et al. (1, 2) except that phosphatidylinositol and sulfolipid were less unsaturated than those usually found in spinach plastids. In peak II (broken plastids), the total fatty acids were poorer in linolenic acid, as also indicated by others (1, 2).
C02-dependent 02 Evolution. This reaction, which is a criterion of the intactness of chloroplasts of class A (7), has been checked on preparations obtained after free flow electrophoresis (peak I).
An active fixation of CO2 was obtained: about 25 umol per mg of Chl/hr. No significant difference was noticed when the same crude pellet was washed by a centrifugation at 3,000g for I min and assayed without free flow electrophoresis for 02 evolution: 21 ,umol/mg Chl hr. Our values of CO2 fixation are lower than the data reported elsewhere (see ref. 18 ), but fixation depends essentially on the storage conditions.
CONCLUSIONS
The cytological and biochemical studies on the two main plastid fractions separated by free-flow electrophoresis indicated that one of these fractions (peak I) was rich in intact chloroplasts, the other peak being rich in lamellae. All data are in agreement with other preparative methods. The separation may be explained by the negative charges which are more abundant at the surface of the intact plastids than in the broken ones. The same explanation has been proposed for the separation of other organelles (8) . Except for earlier works performed on spinach leaves (14, 15) 
